Though it has been suggested that the cerebellum functions to predict the sensory 24 consequences of motor commands, how such predictions are implemented in cerebellar circuitry 25 remains largely unknown. A detailed and relatively complete account of predictive mechanisms 26 has emerged from studies of cerebellum-like sensory structures in fish, suggesting that 27 comparisons of the cerebellum and cerebellum-like structures may be useful. Here we 28 characterize electrophysiological response properties of Purkinje cells in a region of the 29 cerebellum proper of weakly electric mormyrid fish, the posterior caudal lobe (LCp), which 30 receives the same mossy fiber inputs and projects to the same target structures as the 31 electrosensory lobe (ELL), a well-studied cerebellum-like structure. We describe patterns of 32 simple spike and climbing fiber activation in LCp Purkinje cells in response to motor corollary 33 discharge, electrosensory, and proprioceptive inputs and provide evidence for two functionally 34 distinct Purkinje cell subtypes within LCp. Protocols that induce rapid associative plasticity in 35 ELL fail to induce plasticity in LCp, suggesting differences in the adaptive functions of the two 36 structures. Similarities and differences between LCp and ELL are discussed in light of these 37 results.
INTRODUCTION 40
The brains of most vertebrates contain both a cerebellum and sensory processing structures 41 similar to the cerebellum in terms of their evolution, development, patterns of gene expression 42 and circuitry (Bell, 2002; Bell et al., 2008) . Studies of cerebellum-like structures involved in 43 processing electrosensory information in fish suggest functional similarities as well. These 44 structures, which include the dorsal octavolateral nucleus of elasmobranch fish and the 45 electrosensory lobe (ELL) of weakly electric mormyrid and gymnotid fish, appear to act as 46 adaptive sensory processors in which diverse sensory and motor signals conveyed by a granule 47 Electrophysiology 139 The EOD motor command signal was recorded with an electrode placed over the electric organ 140 in the tail. The command signal is the synchronized volley of electromotoneurons that would 141 normally elicit an EOD in the absence of neuromuscular blockade. The command signal lasts 142 about 3 ms and consists of a small negative wave followed by three larger biphasic waves. The 143 latencies of central corollary discharge or command-evoked responses were measured with 144 respect to the negative peak of the first large biphasic wave in the command signal. EGp and the 145 LCp molecular layer can be directly visualized after reflecting the overlying cerebellar valvula. 146 Extracellular recordings from LCp Purkinje cells were made using glass microelectrodes filled 147 with 2M NaCl. Methods for in vivo whole-cell current clamp recordings were the same as those 148 described previously (Sawtell, 2010) . Briefly, electrodes (9-15 MΩ) were filled with an internal 149 solution containing, in mM: K-gluconate (122); KCl (7); HEPES (10); Na2GTP (0.4); MgATP 150 (4); EGTA (0.5), and 0.5% biocytin (pH 7.2, 280-290 mOsm). No correction was made for 151 liquid junction potentials. Only cells with stable membrane potentials more hyperpolarized than 152 -45 mV and access resistance < 100 MΩ were analyzed. Membrane potentials were filtered at 3-153 10 kHz and digitized at 20 kHz (CED power1401 hardware and Spike2 software; Cambridge 154 Electronics Design, Cambridge, UK). 155 Histology 156 After recording, fish were deeply anesthetized with a concentrated solution of MS:222 50 µm on a cryostat. Sections were reacted with avidin-biotin complex and diamino-benzidine 161 or a streptavidin-conjugated fluorescent dye to reveal the biocytin filled cells. 162 Data analysis and statistics 163 Data were analyzed off-line using Spike2 and Matlab (MathWorks, Natick, MA). Data are 164 expressed as means ± SD, unless otherwise noted. Paired and unpaired Student's t-tests were 165 used to test for statistical significance, as noted. Differences were judged to be significant at P < LCp Purkinje cell recordings were characterized by the presence of two distinct all-or-none 176 events that differed both in their waveforms ( Fig. 2A and C) and frequency of occurrence (simple 177 spikes: 25.9 ± 12.8 Hz, n = 100 extracellular recordings and 18.9 ± 13.2 , n = 55 whole-cell species, e.g. (Llinas & Sugimori, 1980a) .
194
In addition to simple spikes and CF responses, we also observed a third distinct type of 195 spike that could be evoked by strong membrane potential depolarization. These spikes were 196 much broader than simple spikes and unlike CF responses they were always preceded by a strong 197 membrane potential depolarization and high rates of simple spike firing (Fig. 2 D and E, open 198 arrows). Presumably these spikes are dendritic spikes, as have been described in mormyrid 199 Purkinje cells in vitro (Han & Bell, 2003; . Consistent with a possible 200 dendritic origin we observed that these spikes were most easily evoked via current injections in 201 putative dendritic recordings in which simple spikes were small ( Fig. 2D ). Finally, we 202 occasionally observed distinctive firing patterns that resembled the trimodal pattern that has been 203 described in Purkinje cells in other systems (Llinas & Sugimori, 1980b; Womack & Khodakhah, 204 2004; . These consisted of a gradual acceleration of simple spike firing 205 terminated by a dendritic spike and a subsequent pause in simple spike firing ( Fig. 2E , top 206 traces). 207 Electric organ corollary discharge responses in LCp Purkinje cells 208 Electric organ corollary discharge (EOCD) responses have been well-studied in ELL, where they 209 have been shown to play a variety of functions, including the generation of negative images of 210 self-generated electrosensory input (Bell, 2001) . Though EOCD responses in LCp Purkinje cells 211 have been described briefly in a previous study , they have not been thoroughly 212 characterized. As in previous studies, we take advantage of an awake preparation in which fish 213 continue to emit the motor command to discharge their electric organ, but the EOD itself is 214 blocked by neuromuscular paralysis, allowing EOCD responses, i.e. neural activity in sensory 215 areas that is time-locked to the EOD motor command, to be studied in isolation from (Fig. 4A, B) . Figure 4C identified multipolar Purkinje cells (0.96 ± 0.36, n = 11 for dorsal cells versus 2.58 ± 0.86, n = 9 244 for multipolar cells; p < 0.0001 Student's t-test). These results suggest that dorsal and multipolar 245 Purkinje cells are functionally distinct. 246 Finally, we noticed that in some Purkinje cells accelerations in the rate of EOD motor 247 commands emitted by the fish were associated with strong modulations of simple spike firing.
248
Such accelerations can be evoked by sensory stimuli, the so-called novelty response(Post & von 249 der Emde, 1999), but also occurred spontaneously (Fig. 5A, top) . These modulations did not 250 appear to be the result of simple temporal summation of EOCD responses at high command 251 rates, as cells with similar EOCD responses measured for normal EOD command intervals (>150 252 ms) ( Fig. 5B ), could have opposite responses to accelerations ( Fig. 5C ). Also it was evident from 253 intracellular recordings that in some cells depolarization consistently preceded the accelerations 254 in EOD command rate ( Fig. 5D , arrows) and hence could not result from simple temporal 255 summation. Such responses were observed in roughly half of the Purkinje cells we recorded.
256

Electrosensory responses in LCp Purkinje cells 257
Two main classes of electroreceptors project to ELL: ampullary receptors subserving passive 258 electrolocation and mormyromast receptors subserving active electrolocation (Bell, 1986b) .
259
While ampullary receptors are sensitive to low-frequency external fields, e.g. those emitted by 260 other animals, and project to the ventrolateral zone of ELL, mormyromast receptors are sensitive 261 to small changes in amplitude and waveform of the fish's own EOD and project to the medial 262 and dorsolateral zones of ELL. All three zones of ELL project to the midbrain preeminential 263 nucleus which, in turn, provides mossy fiber input to EGp (Bell & Szabo, 1986 ). 264 We first tested responses of Purkinje cells to low-frequency electrosensory stimuli Bell, 1996) , LCp Purkinje cells did not respond strongly to local 295 stimuli and appeared to lack well-delineated electrosensory receptive fields. As shown in Figure   296 7, we did observe changes in simple spike firing and CF response patterns when we turned on a 297 global EOD mimic locked to the EOD motor command. Though the EOD mimic activates both 298 mormryomast and ampullary receptors , we think it is likely that at least 299 some of the responses we observed are related to activation of mormyromast receptors. If 300 responses to EOD mimics were due exclusively to ampullary receptor activation, they should be 301 strongest in superficial, putative dorsal Purkinje cells with weak EOCD responses. This did not 302 appear to be the case. As can be seen in Figure 7 and Figure 9A , some Purkinje cells with 303 responses to EOD mimics also exhibited strong EOCD responses.
304
Proprioceptive responses in LCp Purkinje cells 305
Mossy fibers originating from the spinal cord and brainstem convey proprioceptive information 306 about the posture and movements of the fish to EGp .
307
Previous studies have suggested that such information is used by ELL neurons to cancel out self-308 generated changes in electrosensory input due to movements of the electric organ, located in the This study provides an initial characterization of the response properties of Purkinje cells in a 373 region of the mormyrid cerebellum that is closely associated with the electrosensory system and 374 has similar afferent and efferent connections as an extremely well-studied cerebellum-like 375 structure--the ELL. One firm conclusion of our study is that functional differences exist between LCp). EOCD responses, on the other hand, were stronger in putative multipolar Purkinje cells.
381
In some cases, putative multipolar Purkinje cells with prominent EOCD responses could be 382 shown to respond to a global EOD mimic with changes in both simple spike firing and CF 383 responses (Fig. 7) . A similar pattern is observed in regions of ELL involved in passive versus 384 active electrosensory processing, i.e. EOCD responses are much stronger in the latter (Bell, 385 1982; . Hence, as in ELL, distinct LCp subregions may be 386 dedicated to passive versus active electrosensory processing.
387
Differences in EOCD responses we observed between dorsal and multipolar Purkinje 388 cells are also consistent with a previous report that EOCD field potentials recorded in medial 389 portions of EGp are much smaller than those recorded more laterally in EGp .
390
EGp granule cells located medially are expected to send parallel fibers to the dorsal region of 391 LCp, while granule cells located laterally are expected to project to the deeper portion of LCp as 392 well as to ELL (Fig. 1A) . Hence a possible explanation for the functional differences we 393 observed is that information from ampullary and mormyromast regions of ELL remains 394 segregated at the level of the preeminential nucleus and is returned to different subregions of 395 EGp. This hypothesis could be tested using tracer injections into different zones of ELL and 396 LCp. Responses of putative dorsal Purkinje cells to low-frequency electrosensory stimuli were 397 more prominent than those of putative multipolar Purkinje cells to EOD mimics. This is 398 surprising given that most of ELL and most of the preeminential nucleus are dedicated to active 399 electrolocation. More complex or naturalistic electrosensory stimuli may be required to strongly 400 engage multipolar Purkinje cells. Consistent with this possibility, a study in weakly electric 401 gymnotid fish found that moving electrosensory stimuli were more effective than stationary ones 402 in modulating activity in cerebellar neurons (Bastian, 1975) . behavior is similar to well-studied optomotor responses. Adaptive modification of the gain of the 408 optomotor response in larval zebrafish appears to be cerebellum-dependent (Ahrens et al., 2012) . 409 Alternatively, LCp may play a more general role in electrosensory processing. The fact that LCp 410 projects (in parallel with ELL) mainly to electrosensory processing regions rather than motor 411 centers, seems to suggest the latter. Behavioral studies of coupled with lesions of LCp could 412 begin to address this issue. (Fig. 3B) , with only a small fraction of cells active at longer delays (Kennedy et al., 2014) . 
466
To the extent to which they are understood, adaptive processes in the cerebellum appear 467 similar in many respects to negative images and sensory cancellation described in ELL (Bell et input conveyed by parallel fibers. 486 We addressed this hypothesis by experimentally manipulating the relationship between 487 mossy fiber and CF inputs. Our approach was similar to that used previously to reveal negative 488 images in ELL neurons (Bell, 1981 conditions imposed by our preparation, in which the EOD motor command has no sensory 535 consequence due to blockade of the EOD by the paralytic (Bell, 1986a) . The stereotyped short-536 latency excitation observed in MG cells (Fig. 3C ) is believed to be due to a non-plastic EOCD 537 input from the juxtalobar nucleus to the basilar dendrites of MG cells (Mohr et al., 2003b) .
538
Finally, it is possible that some additional factor-besides co-activation of parallel fibers (Carey & Regehr, 2009 ). Moreover, a recent study has 545 provided evidence that climbing fiber error signals may be gated, such that they play a role in 546 inducing Purkinje cell plasticity in the context of some forms of motor learning but not 547 others (Kimpo et al., 2013) .
548
In summary, our results provide basic information about in vivo response properties of 549 LCp Purkinje cells that will help guide future studies of this interesting region of the cerebellum.
550
Given the key role for motor corollary discharge signals in hypothesized predictive functions of 551 the cerebellum (Miall & Wolpert, 1996; Wolpert et al., 1998) , the prominence and accessibility of 
